The electromagnetic dispersion in periodic layered media can be tailored and their resonant properties can be considerably improved by utilizing anisotropic materials. Periodic structures with a photonic band edge split into two parts, or so-called split band edge, exhibit superior resonant properties including exceptionally high Q-values of transmission resonances and nearly perfect impedance matching at the boundaries, even when the number of unit cells N is not large. A microwave transmission resonance with Q∼220 is demonstrated in a periodic stack of form-birefringent layers with N =12 realized in a waveguide geometry.
The electromagnetic dispersion in periodic layered media can be tailored and their resonant properties can be considerably improved by utilizing anisotropic materials. Periodic structures with a photonic band edge split into two parts, or so-called split band edge, exhibit superior resonant properties including exceptionally high Q-values of transmission resonances and nearly perfect impedance matching at the boundaries, even when the number of unit cells N is not large. A microwave transmission resonance with Q∼220 is demonstrated in a periodic stack of form-birefringent layers with N =12 realized in a waveguide geometry. The propagation of electromagnetic waves in periodic layered media has been of considerable interest in recent years because of the properties of frequency band gaps and transmission band-edge resonances [1, 2, 3, 4] . When the wave frequency falls within a band gap of periodic layered medium, the electromagnetic energy is nearly totally reflected, and the medium acts as a high-reflectivity reflector for the incident wave. But when the frequency is tuned to the transmission resonance, the wave propagation exhibits a transmittance of nearly unity, long lifetime and significant field amplitude growth within the medium. These phenomena have been utilized in numerous applications including Bragg reflectors, optical delay lines [5] , lasing [6, 7] , nonlinear optical devices [8, 9] , as well as to increase the sensitivity of embedded sensor and antenna arrays [10] .
The resonance efficiency in slowing down electromagnetic waves and generating high gain depends on how close the transmission resonance is to stationary points of the dispersion relation ω(k) of the periodic medium, at which the group velocity vanishes, v g ≡ ∂ω/∂k=0. Here k is the Bloch wave number. In periodic media formed from isotropic layers of alternating materials with varying refractive index n, stationary points occur at band edges which coincide with the origin and boundary of the Brillouin zone, k=0 and π/a, respectively, where a is the period of the layered structure (Fig. 1a) . At the transmission resonance, the electromagnetic field inside the medium is nearly a standing wave comprising a pair of counter-propagating Bloch waves. At the resonance closest to the band edge g in Fig. 1a , the wave numbers of the Bloch wave components are given by k (±) r =π/a±π/N a, where N is the number of repeated pairs of low/high refractive index material. The resonance occurs in any polarization, since the medium is isotropic. Since the dispersion relation ω(k) at the regular band edge (RBE), as in Fig. 1a , can be approximated as a parabola, ∆ω ∼ (∆k) 2 , the resonance frequency ω(k
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It can then be shown that the resonant lifetime and field intensity within the medium are proportional to N 2 , for N ≫1 [3, 4] .
The resonant properties of periodic layered media can be further improved by utilizing anisotropic materials [4] . Particularly, periodic stacks of layers with in-plane anisotropy misaligned combined with isotropic layers have been shown to exhibit the degenerate band edge (DBE) [4] with a much flatter ω(k), as compared to RBE. At the DBE, as in Fig. 1b , the dispersion curve is a biparabola, ∆ω ∼ (∆k) 4 , and the resonance frequency is
The resonant lifetime and field intensity within the medium are proportional to N 4 , rather than N 2 , for N ≫1. Thus, the DBE layered stack of thickness L=Na may perform as well as the RBE stack of thickness N 2 a.
The DBE layered structure is, however, more complex. It includes three layers per unit cell, two anisotropic and one isotropic, and is realized for a single misalignment angle of the anisotropic layers, φ=φ DBE . When the misalignment angle φ deviates from φ DBE , the DBE splits into two RBEs symmetrical about k=π/a, as below the band gap in Fig. 1b . This band edge configuration will be referred to as the split band edge (SBE). Note that the SBE may be superior to the DBE in achieving strongly resonant transmission. As the deviation of φ from φ DBE is increased, for a given N , the RBEs diverging from k=π/a move closer to and may even coincide with k (±) r , leading to vanishing v g . This is in contrast to the RBE and DBE layered structures, in which the k (±) r are pushed closer to the band edge by increasing the number of unit cells, N .
Here, the resonant transmission properties of the SBE layered structures are studied with computer simulations and microwave measurements. It is shown that strongly resonant transmission near the SBE can always be achieved, for a given N , by adjusting the misalign- ment angle φ. The SBE layered structure exhibits superior resonant properties even for moderate N . Specifically, the Q of the SBE resonator may exceed that of a defect-localized state in the middle of the gap of the SBE layered structure. In addition, resonant transmission is nearly unity for any incident polarization, due to a pair of distinct SBE transmission resonances which occur in crossed polarizations. The details of the findings are reported below.
Periodic structures studied in computer simulations included three layers per unit cell, arranged as B-A 1 -A 2 . The A-layers were birefringent, with the refractive indices n x =2.87 and n y =1.15 in the plane of layers, and with anisotropy axes of the A 2 -layers misaligned by angle φ relative to the A 1 -layers. The A-layers were of the same thickness, d A =0.34a. The B-layers were isotropic, with a refractive index of 4. All the layers were assumed to be lossless.
When φ=45 0 , the structure produces a DBE above the band gap, as in Fig. 1b. When φ=30 0 , the DBE is transformed into a SBE shown by a dotted line in Fig. 2a . To achieve a SBE transmission resonance, the resonance frequency ω r needs to fit in between the crests and the trough of the SBE in Fig. 2a . This occurs, for example, for N =16. In Fig. 2 , the calculated transmission through the SBE layered stack of N =16 shows a strong resonance of Q∼2200 for the incident polarization along x-axis of the A 1 -layers (solid line). This transmission resonance is associated with a pair of counter-propagating Bloch modes with k (±) r1 (Fig. 2a) . The other two modes with k (±) r2 produce another transmission resonance of Q∼120 for the incident polarization along y-axis of the A 1 -layers (dashed line). Thus, the resonant properties of the SBE layered structure are drastically changed by changing polarization of the incident wave. Note that the resonant transmission through the SBE layered stack is nearly unity for any incident polarization, as the transmission resonances occur in crossed polarizations. This is in contrast to the DBE configuration, where only a half of the incident unpolarized light is transmitted, since near the DBE two of the four Bloch modes are propagating and the other two are evanescent.
The SBE layered structure is not only far superior to the DBE structure as a resonator, but is also superior to the SBE structure with a defect-localized state in the gap. Localized electromagnetic states due to defects in periodic structures are known to have exceptionally high Q's, although enhancement of gain is limited to a small volume at the defect, as compared to gain volume of the transmission resonance. Localized states in the band gap of the SBE layered structure can be created by introducing a twist defect, a quarter-wavelength separation, or a combination of two in the center of the structure [11, 12] . None of these, however, produces Q as high as that of the SBE transmission resonance. For example, a twist of 45 0 in the center of the N =16 structure creates a pair of localized states in the middle of the gap. Transmission via one of the localized states with Q∼700 is plotted in Fig. 2a (LS, dotted line) .
When the number of unit cells is changed from N =16, while the φ=30 0 is kept unchanged, the high-Q resonance disappears, notwithstanding the resonant frequency falls between and even closer to the stationary points of the SBE (Fig. 2b) . Changing of φ from 30 0 , for N =16, has a similar affect on the resonance. Nevertheless, a high-Q transmission resonance, as seen in Fig. 2 , can always be achieved for practically any N by adjusting the misalignment angle φ.
The occurrence of high-Q transmission resonance in SBE layered structures has been tested in microwave experiment. Dielectric layers matching those studied in the computer simulations were fabricated of low-loss microwave ceramics in the form of disks of diameter 20.64 mm (Fig. 3a) . A-layers of thickness 4.14 mm were constructed of six parallel flat ceramic pieces of n=5.48 and ωa/c loss tangent δ=5×10 −4 , held in places with a thin plastic ring. The thickness and separation of ceramic pieces were made to induce n=2.87 and 1.15, for polarizations parallel and perpendicular to the pieces, respectively [13] . To align the respective layers of the A 1 and A 2 and to control the misalignment angle φ, indexing pins on the side of plastic rings were used. Isotropic B-layers were solid disks of thickness 1.25 mm, n=4 and δ=10 −4 .
A loop of Teflon rods was employed to deliver microwave radiation to and from the periodic layered samples. Two horns, set to produce radiation of the same polarization, were used to launch and detect the microwave radiation. Field spectra in samples with N ranging from 8 to 17 were obtained with use of a HewlettPackard N5230A vector network analyzer. Once a bandedge transmission resonance was detected for a given N , the misalignment angle φ and sample orientation relative to the incident polarization were adjusted to achieve the (b) Spectra of polarized transmitted intensity and group delay measured in the sample of N =12 and φ=30±1 0 . The intensity spectrum is normalized relative to that measured without sample. Peaks in the intensity and group delay spectra indicate a SBE transmission resonance of Q∼220 at ν=7.34 GHz.
highest Q. A typical spectrum of polarized transmission measured in a sample of N =12 and φ=30±1 0 is shown in Fig. 3b (solid line) . A peak with Q∼220 in the transmission spectrum indicates a resonance at ν=7.34 GHz. The resonant character of transmission is further indicated by a sharp peak in the spectrum of group delay (dotted line). The group delay, as measured by the network analyzer, is given by τ =dϕ/dω, where ϕ is the phase of the field and ω is the angular frequency. A peak value of τ =7.1 ns gives the microwave leakage time from the sample of L=11.5 cm. A second peak in the group delay spectrum at ν=7.29 GHz marks the position of the band edge.
The microwave measurements thus confirm that the transmission resonance of high Q can be achieved in the SBE layered structure, even when N is not large. One can, however, notice that the measured spectra are slightly blue-shifted, as compared to calculations, and that the highest Q in the sample of φ=30 0 is achieved for N =12, rather than 16. In addition, a peak value of the normalized transmitted intensity in Fig. 3b is only 0.25. The discrepancies between the calculated and measured results may be attributed to waveguide geometry of the samples, which was not included in the calculations. The samples studied supported a few guided modes at the resonant frequency, whereas the Teflon rods supported a single mode. Thus, the transmitted intensity could not be properly normalized. Reduced values of the measured transmission are also due to an arbitrary polarization of transmitted wave relative to the detector. In addition, the presence of higher-order guided modes in the sample may explain moderate Q-values of transmission resonances, as well as a relatively high level of transmission at frequencies above the transmission resonance in Fig. 3b .
In conclusion, transmission resonances of exceptionally high Q's were achieved in periodic anisotropic layered media near the SBE, even when the number of unit cells was not large, which is of critical importance to the fabrication of high-quality photonic structures. The SBE resonators exhibit a nearly perfect impedance matching at the boundaries. The resonant transmission is nearly unity for any incident polarization, while the resonance bandwidth depends on the wave polarization. Resonant transmission near the SBE in the microwave spectral range was demonstrated in periodic stacks of form-birefringent layers realized in waveguide geometry. A similar approach can be used to extend the SBE layered structures to the visible range, in which naturally occurring dielectric anisotropy is too weak.
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